The development of simple, fibre integrated femtosecond soliton sources based on the propagation of CW noise through a highly nonlinear fibre is reported. It is shown that pulse compression can be obtained in this format through the use of Raman amplification. A method of wavelength extension to the visible using microstructure is proposed.
Introduction: It is well known that the exact shape or chirp of the input pulse is not critical for soliton formation in optical fibre. Indeed, it was demonstrated as early as 1989 that solitons can be formed from picosecond noise bursts [1] , and with the recent interest in continuous wave (CW) supercontinuum generation, experimental reports of soliton generation from CW radiation have appeared [2, 3] . In these systems, noise can play an important role in the dynamics of the formation of the supercontinuum. Here, we demonstrate a simple, fibre integrated method for obtaining femtosecond soliton pulses based on the propagation of amplified spontaneous emission (ASE) through a highly nonlinear fibre (HNLF). Furthermore, we show that pulse compression can be conveniently obtained in this format through the use of Raman amplification. We propose that, through the use of highly nonlinear holey fibre and Raman amplification, this technique can be exploited to develop a simple, inexpensive wavelength versatile family of femtosecond soliton pulse sources.
Experimental setup and results:
The experimental setup is shown in Fig. 1 . ASE from a CW-pumped erbium-doped fibre amplifier (EDFA) was filtered using a 0.7 nm (FWHM) bandpass filter with a centre wavelength of 1545 nm and amplified in a further EDFA to an average power of 1 W. A polariser and polarisation controller were used before the EDFA to assist with autocorrelations. The EDFA output was spliced to 2 km of HNLF with a splice loss of 1 dB. The background free autocorrelation just before the HNLF is shown in the left of Fig. 2 and has the typical 2 : 1 intensity ratio of a noise spike. The coherence spike is 9 ps which, as expected, is of the order of the inverse of the spectral bandwidth. The dashed curves on the righthand side of Fig. 2 show the autocorrelation and spectrum (inset) at the output of the HNLF. The autocorrelation has a FWHM of 725 fs, but has a 20% pedestal owing to the residual pump and crosscorrelation between the temporally non-uniformly separated solitons. We suppressed the pump using a 13 nm bandpass filter centred at 1560 nm at the HNLF output. The filtration also suppressed solitonic structures outside of the filter bandwidth, and resulted in a reduction of the pedestal to the 4% level, as shown in the solid curve on the right-hand side of Fig. 2 . The resulting shape is a good fit to the autocorrelation of a sech 2 pulse shape, and therefore represents a 470 fs pulse. Evidently, the major limitation of this soliton generation technique is the non-uniform separation of the output solitons. A degree of control could potentially be applied by modulating the input ASE so that on average only one soliton can be formed in the HNLF per modulation cell. However, such a scheme clearly has limitations in terms of the noise characteristics of the output pulse train. Further development: To develop the system further, we investigated the effect of Raman amplification on the soliton duration. The experimental setup is similar to that in Fig. 1 , but in this case a 5 km length of HNLF was used, and the power after the second EDFA was 750 mW. In addition a fibre Raman laser pump (FRL) with a power budget of up to 2 W was counter-propagated through the HNLF. The FRL pump was injected and extracted from the HNLF using optical circulators, which were spliced to the input and output ends of the HNLF in a typical Raman amplifier configuration. Owing to the combined loss of the circulators, splices and fibre, the output average power was 90 mW with the FRL pump off. When the FRL pump was turned on the output average power was 930 mW. The output was filtered using a 13 nm filter centred at 1553 nm. Fig. 3 shows the resulting autocorrelations with the FRL pump on and off (solid and dashed curves, respectively), and indicates a compression from 800 to 400 fs (assuming sech 2 deconvolution factors). For a single, adiabatically compressed soliton the product of the average power and the duration should remain constant. Nonetheless, the observed pulse compression is consistent with expected amplified solitonic behaviour, since in our case the output unfiltered spectrum broadened significantly with amplification, indicating that new solitons were formed. The advent of highly nonlinear holey fibres (HF) with zero dispersion wavelengths as short as 600 nm points to the possibility of using the above described technique to generate femtosecond soliton pulses in the visible region. The spontaneous emission from a visible LED, Raman amplified by propagation through a sufficient length of HF should result in an ultrashort pulse soliton source. A frequency doubled FRL, such as the system described in [4] , could be used as a Raman pump source. Alternatively, a dispersion decreasing tapered photonic crystal fibre could be employed. This would give rise to a 'quasi-amplification' as a result of the decreasing dispersion [5] .
Conclusions:
We have demonstrated a simple fibre integrated method of generating femtosecond soliton pulses. The technique is based on the propagation of CW noise through a highly nonlinear fibre. We have demonstrated a convenient method of pulse compression by pumping the highly nonlinear fibre to Raman amplify the relevant wavelength. We have proposed the wavelength extension of this technique to the visible through the propagation of Raman amplified spontaneous emission through a highly nonlinear, anomalously dispersive holey fibre. This work points to a simple, inexpensive, wavelength versatile method of generating femtosecond soliton pulses.
